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A CASE S'TUDY OF SHIELD-STRATA INTERACTION 
AT A SOUTHERN OHIO MINE 

By David C. Clylerl 

ABSTRACT 

The U.S. Bureau of Mines studied the interaction of longwall shield supports and adjacent strata at 
the Meigs No. 31 Mine in southeastern Ohio. Twenty-three legs of twenty shields at midface were 
instrumented with pressure transducers and monitored for 11 weeks. During the project, leg setting 
pressures were reduced twice to determine the effect of setting pressure on shield-strata interaction. 
No correlation was observed between setting pressure and leg loading rates. The shield loading profiles 
were consistent with a model in which the roof consists of two zones, a thin immediate roof loading the 
shields well below the typical setting force and a main roof zone essentially supported by the coal and 
gob and loading shields through its convergence. This model was used to develop an equation for 
estimating average loading rates at the site. The only variable of the equation is time, and the equation 
consists of an exponential term to account for the immediate roof loading and a linear term to account 
for main roof loading. The equation gave good correlation with average loading rates, but the variation 
in loading from cycle to cycle was too great for the equation to give good predictions of individ~lal cycle 
loading rates. 

'Mechanical engineer, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA. 



INTRODUCTION 

Ground control is an essential elenient in longwall min- 
ing. State-of-the-art shields for mine roof support are now 
designed with load capacities as high as 8,700 kN (1-2)2 
and are typically set at 50 to 70 pct of their maximum 
capacity. Although high-capacity shields provide effective 
ground control under most conditions, the available shield 
capacity is not necessarily used effectively, and usually no 
attempt is made to monitor shield opcratian or match 
shield loading and setting force to actual ground control 
requirements.. 

This study had two purposes. Tbe first was to gather 
data for a long-term, multiple-site study of longwall shield 
and strata interaction being conducted by the US. Bureau 
of Mines (USBM) as part of its mission to increase worker 
safety and improve efficiency in U.S. coal mines, The 

database is to be used to investigate the feasibility of 
developing algorithms to be incorporated into shield con- 
trol systems to alert miners to abnormal or dangerous 
shield loading conditions. The second purpose, and the 
detailed subject of this report, was to investigate the ef- 
fect of setting pressure on subsequent shield loading rates 
and on ground control. As part of the study, attempts 
were made to reduce shield setting pressures, to collect 
shield pressure data both before and after the setting pres- 
sures bad been reduced, and to determine the effect of the 
reduced setting pressures. An additional goal of the study 
was to determine the optimum settbg pressure or pressure 
range for the panel and to determine its applicability to 
other panels. 

The study site was the A-2 longwall panel of the Meigs 
No. 31 Mine located in Meigs County in southeastern 
Ohio (figure I), The mine operates in the Clarion 4-A 
Coalbed of the Pennsylvanian Allegheny Group. The A-2 
panel is 274 by 2,338 m. Instruments were installed when 
the panel reached the 756-m point on January 21, 1991, 
and removed in stages in mid-March and early April at 
408 and 354 m, respectively (figure 2). 

The eoalbed at the site averages 1.44 m in thickness, 
with a mined height of approximately 1.7 m (some floor 
rock is mincd). The coalbed is nearly flat-I$ng over the 

site, with a local dip to the south of less than 0.25" over 
the instrumented portion of the panel. The overburden 
ranges from 90 to 120 m over the area of interest and is 
approximately 50 pct sandstone. The immediate floor rock 
is a claystone ranging from 1.5 to 5 m in thickness. The 
roof rock consists of a sequence of Limestone, shale or 
claystone, and sandstone, with typical thicknesses of 1.2,3, 
and 21 m, respectively. Locally, the limestone and shale 
may be washed out by sandstone channels, particularly at 
the northern ends of the panels, This was the case in the 
study area at the northern end of the A-2 panel (figure 2). 

The work at the Meigs No. 31 Mine was guided by a 
theory of shield-strata interaction that assumes that the 
roof may be divided into two distinct behavioral classes, an 
immediate raaf and a main roof. The "immediate roof' 
refers to roof rock that requires support from the shield to 
remain in equilibrium. The "main roof' is defined as that 
portion of the roof that is converging in response to min- 
ing, but is supported by the unniined coal, the gate road 
pillars, and the gob. This distinction between main and 
immediate roof is made in terms of the behavior of the 
roof, not the rock type or thickness of each layer; and a 

'italic numbers In parentheses refer to items in the list of references 
preceding the appendix at the end of this report. 

single layer may exhibit both immediate and main roof 
behavior. 

Physically, the roof may be divided into three distinct 
zones (figure 3). The zone directly above the coalbed is 
the complete caving zone, which behaves purely as irn- 
mediate roof. Next is a transition zone, which is typically 
called the partial caving zone, where some horizontal 
forces are transmitted such that the strata are capable of 
at least partially bridging from the coal panel to the gob, 
so that the full weight of the strata is generally not borne 
by the shields. This zone, therefore, exhibits both im- 
mediate and main roof behavior. Above it is the main 
roof zone, which does not require shield support, but 
which converges and which may load the shield through 
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this convergence. Most classifications of roof behavior 
recognize only the caving zone and the transition zone, 
which they refer to as the "immediate roof' and the "mah 
roof' (3). In those classification systems, the main roof 
behavior of rock in or above the transition zone, which 
converges but is otherwise self supporting, is incorrectly 
ignored as having no influence upon shield loading. 

The working hypotheses hi this study are that main roof 
convergence cannot be ~ i ~ c a n t l y  retarded by longwall 
shields and that the roof is sufficiently stable that shields 
are not necessary to support its weight. The purpose of 
shields is to maintain the integrity of the immediate roof. 
Movement of the main roof does cause face convergence 

and, therefore, loading of the shields. One of the goals of 
this project is to show that because main roof load is 
applied to the shields by face convergence and because the 
stiffness of the shields is essentially constant (that is, the 
ability of the shields to resist convergence is not affected 
by preloadiig), it follows that convergence of the roof and 
compression of the shield legs will cause shield resistance 
to be developed. Typical shields will develop their entire 
load capacity when subjected to a convergence of from 
0.01 to 0.04 m (4). From ground control considerations 
alone, it would be possible, in some cases, to use no initial 
setting pressure at all and rely completely upon passive- 
ly developed resistance (shield force developed through 



compression of the shield legs). In practice, this is not 
feasible because an initial shield resistance may be re- 
quired, in some cases, to support the immediate roof and 
is generally required to provide,reaction forces for advanc- 
ing adjacent shjclds and the face conveyor. 

When the roof requires complete support by the shield, 
it may be considered as acting as a detached block. In this 
report, the detached block would be described as exhibit- 
ing immediate roof behavior. A detached block should ini- 
tially load a shield very rapidly, and once the block is fully 
supported, the loading rate should go to zero (figure 4). 
The panel A-2 sEeld-loaging curves suggest that the de- 
tached block is a relatively uncommon immediate roof 
condition at the Meigs No. 31 Mine. Only about 5 pct of 
the shield cycles observed at the Meigs No. 31 Mine gave 
loading responses that could have been considered to 
indicate a detashed block condition. 

More commonly, the roof is partially supported by the 
coal face and, therefore, acts like a cantilever, or when 
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supported by the gob, forms what might be described as physical md, of8hkugma 
an arch or bridge. It is likely that the most common 
behavior is a combination of immediate and main roof 
behaviors, The extreme case of roof fully supported by 
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the face and gob is essentially the case of main roof load- 
ing and is probably also relatively uncommon, except at 
panel startup before first break. Exclusively main roof 
loading behavior (figure 5 )  would be most easily character- 
ized by an absence of the high initial loading rate due to 
the detached or semidetached roof and by a nearly con- 
stant loading rate during the entire shield cycle. However, 
both detached roof behavior and exclusively main roof 
behavior are diicult to identify with certainty because of 
the masking effect of the active pressurization of the 
shields at the beginning of the cycle. (In this report, the 
term "cycle" is used to refer both to a single face pass of 
the shearer and to one pressurization, depressurization, 
and advance of a shield. In typical operation, the length 
of a mining cycle and a shield cycle are usuaIly the same, 
although their start and ending times may be defined difq 
ferently,) At the end of a shield cycle, the redistribution 
of load caused by the removal of cod by the shearer 
causes an increase in shield load just before the shield is 
lowered and advanced. This shearer effect is also present 
at the beginning of the cycle, after shield advance, but is 
obscured by the pressure changes taking place during 
shield setting. 

The thickness of the immediate and main roof layers is 
&ffrcdt to determine since they need not necessarily cor- 
respond to particdar rock layers. Direct obsemation of 
actual roof behavior wodd be required to deterrnine the 
height of the immediate and main roof. At the Ikleigs 
No. 31 Mine, the geology and t~llderground observation 
suggest that the immediate roof would be the limestone 
and the shale or claystone strata. These were approxi- 
mately 5 m thick on the A-2 panel. T'he load from a de- 
tached block of these rock layers with an effective area 
equal to the shield canopy area (3.9 by 1.5 m) would have 
been 780 IrN, assuming a rock specific gravity of 2.65. The 
typical initial setting force on the shields was approximate- 
ly 2,900 brN, so the shields were typically set to support a 
deta~hed block of those dimensions up to 18 m high. 

Under some conditions, shield force may increase the 
stiffness and strength of the immediate and transition roof, 
in much the same way that a roof bolt clamps together 
rock layers to form a stronger (higher moment of inertia) 
beam (5). Active shield loading is primarily justified un- 
der those conditions where the immediate and transition 
roof may be strengthened by the shield force, awing less 
roof deflection and leading to an overall reduction in the 
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developed shield loading, or where it prevents unaccept- 
able convergence. However, if the load developed through 
convergence during the cycle is not reduced by more than 
the required increase in setting pressure, then the total 
load will actually be higher and an increase in setting 
pressure will increase the total shield load (figure 6). The 
data from Meigs No. 31 Mine do not suggest a correlation 
between setting pressure and maximum pressure and, 
therefore, suggest that higher setting pressures are un- 
necessary because they lead to higher average shield 
pressures, but not improved ground control. Figure 7 

shows the loading curves for 21 legs (curves for 2 legs are 
not shown because one of the legs was leaking and the 
other had a faulty instrument cable) on the A-2 panel 
during a typical cycle. Setting pressures ranged from 
23,000 to 33,000 kPa during this cycle. Despite the wide 
variation in setting pressures, there is a striking similarity 
in the loading rates of almost all legs during the entire 
cycle. Parallel loading curves, which indicate identical 
loading rates, are quite common in the A-2 panel data and 
demonstrate that loading rates are independent of the 
setting pressure at this site. 

INSTRUMENTATION 

The instruments installed on the A-2 panel (figure 8) 
were 24 T-Hydronics TH-M pressure transducers. These 
transducers have an operating range of 0 to 68,950 kPa 
and an accuracy of 20.5 pct of the full-scale reading 
(+350 Ha); their precision is in the range of k0.2 pct 
(A 140 Wa). Laboratory dead-weight testing of each trans- 
ducer confirmed that they met the stated accuracy. One 
transducer was used to measure hydraulic feed line pres- 
sure at the center of the panel (at shield go), and the 
remainder of the transducers were installed on 23 legs of 
shields 81 to 100 inclusive. On shields 82,90, and 98, both 
legs were instrumented (figure 9). 

The pressure transducers were excited and the output 
data recorded by a model 2lXQM permissible datalogger 
manufactured by Campbell Scientific, Inc. Three record- 
ers were used on the A-2 face, each capable of handling 
eight pressure transducers. The datalogger can provide dc 

excitation voltages of up to 5 V; at Meigs No. 31 Mine the 
excitation used was 1 V. Pressures were read at intervals 
of 5 s so that the resetting of shields could be identified 
and recorded. The datalogger program was written to 
simultaneously store the pressure readings from all eight 
channels, contingent upon a pressure change of more than 
345 kPa in any one channel. Current pressure measure- 
ments were compared with previously stored readings to 
determine when the 345-kPa change had taken place. 
During the project, damage to instrument cables caused 
false triggering of output data, eventually requiring modifi- 
cation of the program to identify and eliminate some of 
the false triggers. The false triggering sometimes caused 
the datalogger memory to be filled between the biweekly 
data collection periods, with the loss of between 1 and 
5 days of data, in the worst cases. 

SHIELD SETTING PRESSURE 

An important part of the Meigs No. 31 Mine study was 
the plan to reduce setting pressure on shields 86 to 100. 
Before the project began, the nominal shield setting pres- 
sure was 26,000 kPa, about 58 pct of the leg capacity of 
45,000 @a. The plan was to reduce the setting pressure 
(after a period of baseline data collection), in 5,000-kPa 
increments, until either the minimum feasible setting pres- 
sure was reached or some adverse effect upon roof control 
was noted. The initial setting pressure change was made 
on February 5. The second and final one was made on 
February 21. The nominal setting pressures and the dates 
they were in effect are shown on table 1. The average 
setting pressures and standard deviations determined from 

leg pressure data are also shown in the table. Two sets of 
pressures are given in the table, one for shields 81 to 85, 
for which the set pressures were not changed, and a sec- 
ond set for shields 86 to 100, for which the setting 
pressures were changed. The measured setting pressures 
were generally higher than the nominal setting pressures, 
and as the nominal setting pressure was reduced, the dis- 
parity between the nominal and the measured average set- 
ting pressure increased. A frequency histogram (figure 10) 
is also presented showing the distribution of setting pres- 
sures for 5 wccks of the study period. Figure 10 shows the 
wide variation to be expected in achieved setting pressures. 
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Table 1 .-Nornlncal and crywaged recsrdd s d n g  pressures 

Nominal set Average set Standard Number of Difference, 
pressure, kPa pressure, kPa deviation, kPa cycles Dates Pot 
H M&T H M&T H M&T H M&T H M&T 

1/21 to 1/25 . . . , . 26,000 26,000 26,159 27,855 4,351 4,406 322 812 0.6 4.1 
2/04 to 2/85 . . . . . 26,000 26,000 27,690 27,489 3,034 3,041 145 397 4.2 5.8 
2/06 to 2/09 + . . . . 26,000 26,000 26,910 25,690 3,234 4,606 417 1,157 3.5 22.4 
2/11 to 2/15 . . . . . 26,000 2000  25,711 25,478 4,374 6,137 303 742 -1.1 21.3 
2/25 to 3/01 . . . . . 26,000 17,000 NA 22,732 NA 6,6f2 NA 91 1 NA 33.8 
3/11 to 3/15 . . , . . 26,W 17,000 24,290 23,842 6,185 6,260 145 646 8.6 40.3 

H Headgate recorder, shields 61 to 86. Set pressure not cbnged. 
M&T Headgate shields 843 and 87. Midpanel and tailgate ieeorders, shields 86 to 100. Set pfeaures changed on 216 and 2/21. 
NA Not available. lnsuffiolent data from shields 81 to 87 for analyses during weak of 2/26. 
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SET PRESSURE CONTROL 

A brief look at the control system of the Westfalia Wf 
1.7 2x2770 shields (load capacity, 5,540 kN) used on the 

I Meigs No, 31 Mine A-2 panel, explains the difficulties in 
obtaining the desired setting pressures. Setting pressures 
measured from other mant~facturers' shields indicate that 
the Westfalia control system is typical of the setting 
pressure control systems available in the industry today, 

The shields on panel A-2 were controlled by a complex 
logic system that induded interlocks against shield lower- 
ing until adjacent shields were set and against repressuriz- 
ing until the shield was advanced. The critical part of the 
logic sequence from the vievoint of setting pressure was 
a test for a pressure known as the transfer pressure, P,. 
After advance, and with the Ieg valves open to the line 
pressure, the program tested for this pressure (12,000 kPa 
on the A-2 panel), If 1P, was reached, then other shields 
were allowed to advance, and a signal was sent to allow an 
additional time Ts for the legs to reach setting pressure. 
If P, was not reached, a time T4 was allowed for the leg to 
reach P, (transfer pressure). If P, was not reached after 
T,, an error was signaled, but in any case, time T, began 

immediately after T,. During both time periods, the leg 
valves remained open to allow hydraulic fiilid to enter the 
legs. At the end of Ts, the program tested for the setting 
pressure P, and shut the leg valve. If the setting pressure 
was reached, the program stopped; if it was not, an error 
message was sent and the program then stopped. 

The above logic ensures that a shield is given many op- 
portunities to reach setting pressure, but provides limited 
control over the actual setting pressure. In practice, any 
setting pressure is possible with this system, although the 
system is biased in favor of pressures greater than the 
transfer pressure and pressures close to line pressure. It 
is not su%cient to change the nomind setting pressure 
(Pd to ensure accurate changes in setting pressure in such 
a system; it is also necessary to adjust the values of P,, 'F,, 
and Ts, and even then the pressure can either overshoot 
the setting pressure or never reach 3. The large fluctua- 
tions found in line pressure (figure 11) on the panel, typi- 
cally about 7,000 kPa, also increased the uncertainty in the 
setting pressure. 

k g  pressure recording instruments were installed at the 
A-2 panel of the Meigs No. 31 Mine on January 21,1991. 
Data were recorded from shields 81 to 100 until March 19, 
when the recorder for shields 81 to 87 was removed be- 
cause of cable failures. Additional data were recorded 
from shields 88 to 100 until April 3, when the remaining 
two recorders were removed. 

Because of the quantity of data available, the data 
analyzed were limited to those from 5 weeks of the 11- 
week data collection period: the weeks of January 21, 
February 4, February 11, February 25, and March 11 (ta- 
ble 1). One-week periods were chosen because studies at 
other mines have suggested that the weekend shutdown 
period can have significant effects upon shield-strata 
interaction and loading rates, and these effects can take 
several days to disappear (loading rates gradually decline 
toward zero when the face is idle for periods on the order 
of a week in length) (6). Given similar mining rates, it 
is possible that leg loading rates will be higher on a Fri- 
day than on a Monday. The data were analyzed in I week 
units to eliminate this variable from consideration. The 
first of the 5 weeks, that of January 21, was chosen as the 
baseline period, before any attempts were made to change 
setting pressures. The week of February 4 was a transition 
period, during which a control system change was made. 

The week of February 11 shows the effects of the control 
system change made on February 5 on setting pressures, 
and the week of February 25 shows the effect on setting 
pressures of the second control system change, made 
on February 21. The week of March 11 was chosen so 
that data from the latter portion of the study could be 
analyzed. 

All of the data collected were corrected for pressure 
transducer zero, and the times converted from an hour, 
minute, and sccond format to a decimal hour format, 
which made graphing and computation of elapsed time 
easier. The data were then plotted on graphs of a single 
day of data for the eight channds from each individual 
recorder (figure 12). The beginning and end time of each 
shield cyde was identified through the use of a computer 
propam written for that purpose, and the secant loading 
rate was determined for each shield leg for each shield 
cycle. The secant loading rate is casy to calculate and 
provides a simple characterization of a shield loading cycle. 
It is determined by dividing the total change in leg prcs- 
sure during a shield cycle by the duration of the cycle. 

The use of secant Ioadi~lg rates can be misleading 
because of leg yielding. Once a Ieg reaches its yield 
pressure, its pressure remains essentially constant, and a 
continuation of the cycle lcads to an apparent reduction in 
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the secant loading rate, In figure 13, secant loading rates 
for the period from cycle start to the time of leg yield and 
from the start to the end of the cycle were compared for 
cycles grouped into 40-min intervals up Ea cycle lengths of 
480 min. Loading rates to yield were consistently higher, 
as much as two or three times larger for cycles greater 
than 120 min in lengtb. The difference is caused primarily 
by the effect of the leg yield pressure, which places an 
artificial limit on the maximurn pressure change that can 
occur during any shield cycle. Computing secant loading 
rates to yield (or to the end of the cycle if yield is not 
reached) greatly reduces the effect. This procedure was 
fol1owed to obtain the data used in this report, 

Graphs of secant loading rate versus setting pressure 
were produced for the weeks of January 21, February 4, 
February 11, February 25, and March 11, for all legs 

instrumented by each datalogger. A total of five graphs 
were produced, and these are shown in figure 14. The 
data shorn in these graphs have a wide scatter, and there 
appears to be no correlation between leg setting pressure 
and subsequent loading rates. This was the case for all of 
the 5 weeks studied. A linear regression was then run on 
each of the data sets. A linear fit was chosen because of 
its simplicity and because the scatter in the data did not 
suggest any other model, The least squares fit lines ob- 
tained from the linear regressions are shown in figure 14. 

Table 2 gives the intercept, slope values, and the 
squares of the correlation coefficients (9) for each linear 
regression. The 9 values for the regressions are in the 
range of 0.0017 to 0.13. The value of r2 can range from 0 
(no correlation) to 1 (a perfect linear correlation). Gen- 
erally, small r2 values are unacceptable as an indication 



Table 2.-Data from set preesure versus loading rate linear rqreurksne 

Data source Dates Intercept, Slope, Number af Cornlation co- 
kPa kPa/min cycles efficient ssuared b2f 

individual1 . . . . . 1/21 -1 125 577.355 -0.0151 19 979 0.0596 
2104-2/09 581.599 -0.007975 2,02g 0.0041 
211 1-211 5 409.7 15 -0.006610 1,019 0.0256 
2/25-3/01 341.410 -0.005368 EE.46 0.0272 
311 1-3/15 351.398 -0.004865 57 1 0.0041 

,4veraged2 . . . . . 1/21-1125 1,868.023 -0.060516 49 0.1042 
2/04-2109 747.485 -0.010331 92 0.0022 
211 1-2/15 881.736 -0.019875 59 0.W6 
2125-3/01 483.700 0.001813 66 0.001tl 
3111-3/15 567.498 -0.017102 38 0.0323 

'~sgressions run with the setting pressure and secant loading rate for each leg, for each cycle, were each considered a 
separate data point. All headgate, midpanel, and tailgate recorder legs were used, except during the week of 2/25 
through 3/01/91, when the headgate recorder data were not processed because of the faiture of most of the cables 
leading to that recorder. Negative loading rates, generally indicative of hydraulic fluid leaks, were removed from the 
individual leg data before the regressions were performed. 

2Ali available shield setting pressures and loading fates for each individual cycle were averaged, and a regression was 
run on the averaged data points. Gycies with fewer than six legs available were not included as points In the averaged 
data sat. 

TINE, h 
Graph of 2 a%y of shield presswe data from one dktdogger. L = itep leg; R = right leg- 



of a correlation between two variables. The simplest in- 
terpretation of the above data is that there is no correla- 
tion between setting pressure and loading rate on A-2 
panel at the Meigs No. 31 Mine. If such a correlation 
exists, it appears to be very weak and has little predictive 
value. Physically, the assumed mechanism for an effect of 
shield force on roof loading rates is for shield force to 
affect the stiffness of the immediate roof. Since the shield 
force is only one of many factors affecting the immediate 
roof strength, and since main roof convergence should not 
be affected by the shield at all, it is to be expected that the 
correlation between setting pressure and loading rate 
would be poor. It is more likely that geologic condi- 
tions, such as lithology, rock physical properties, and the 
presence or absence of joints or fractures, have a much 

P i p  13 

greater effect upon roof behavior and, hence, loading 
rates. 

The plots of set pressure versus secant loading rate (fig- 
ure 14) are for individual shields. It is possible that the 
reason for the lack of correlation bctween setting pressure 
and loading rate is that shields set at low pressure are 
nonparticipating and the load that they would otherwise be 
subjected to has been transferred to adjacent shields. This 
would then tend to decrease the loading rates in shields 
set at low pressure and increase the loading rates in 
shields set at high pressure. This hypothesis can be test- 
ed in two ways. The simplest is to lower setting pres- 
sures across the entire face and compare the loading rates 
of individual shields from before and after the setting 
pressure change. A more limited form of this experiment 
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was attempted when the setting pressures of shields 86 to 
100 were lowered on February 5 (to a nominal 21,000 kPa) 
and on February 21 (to a nominal 17,000 kPa). The in- 
consistency in setting pressures made this test less con- 
clusive, but the results suggest that nonparticipation of 
shields set at low pressure did not affect shield loading 
rates. After the setting pressure reductions, the correla- 
tion between setting pressures and loading rate remained 

I as low as it had been when setting pressures were at their 
original values. 

A second method of testing the effect of shield non- 
participation was by averaging setting pressure and secant 
loading rates for a number of shields over a wider portion 
of the face, and then graphing the averaged setting pres- 
sures versus averaged loading rates. The maximum width 
of face that could be averaged in this study was about 
30 m, the distance from shield 81 to shield 100, for periods 
during which setting pressures had not been reduced. For 
periods during which setting pressure had been reduced, 
shields 81 to 85, whose setting pressures were not changed, 
could not be considered along with the others. For each 
shearer pass, data from all available legs (cable failures 
and bad shields forced the rejection of some data for aver- 
aging purposes) were used to compute an average loading 
rate and an average set pressure. The average setting 
pressure was obtained from the mean of the setting pres- 
sures of all legs included in the set. The average loading 
rate was determined from the mean of the secant loading 
rates to yield of all included legs. The maximum available 
number of legs for any cycle was 23 and the minimum 
number accepted was 6. Of the 296 cycles evaluated, the 
mean number of legs used in this analysis was 13.4, with 
a standard deviation of 5.1. The average number of legs 
included was greatest for the weeks of January 21 and 
February 4 (14.1 and 16.1, respectively) and lowest for the 
later weeks (the lowest value was 10.8 for the week of 
February 25) when data were rejected primarily because 
of cable failures. The computed data also included an 
average maximum pressure and cycle length. The aver- 
aged setting pressures and loading rates are graphed in 
figure 15. 

The results of the averaged leg data are similar to the 
results for individual shields. The graph of averaged set- 
ting pressure versus secant loading rate (figure 15) shows 
the same lack of correlation as the graphs for individual 
legs, and similar regression results were obtaincd. The r2 
values, also shown in table 2 with the data for individual 
shields, are again very low and show a low correlalion 
between setting pressure and loading rate. This analysis 
also suggests that the nonparticipating leg hypothesis is 
not correct. There is no indication in the data that 
there is any increase in the average loading rate of the 

group as average setting pressures for a group of shields 
decrease. 

Observation of the shicld pressure curves (for examples, 
see figures 7 and 12) showed that loading rates decrease 
with time during most cycles. This effect was then studied 
in detail by looking at secant loading rates for short por- 
tions of each cycle. Computations were made of loading 
rates in the tailgate side recorder legs (shields 94 to 100) 
during the weeks of January 21 and February 25. These 
2 weeks were chosen to limit the required computations 
and because they appeared to be representative of condi- 
tions before and after the control system changes were 
made to reduce setting pressures. For every shield cycle 
during those 2 weeks, the secant loading rates were com- 
puted for each 5-min portion of the cycle up to 120 min. 
Computations were not performed for the end of the cycle 
after shield yield or when the shearer reached the viciniiy 
of a shield and caused increased loading rates (the shearer 
effect) through the removal of coal at the face. The 
loading rates for all shields were then graphed versus leg 
pressure at the beginning of the interval, and a linear 
regression was performed on the graph. The graphs are 
not presented in this report, since they are very similar to 
those in figure 14, but the equation coefficients and the r2 
values are given in the appendix. The variability of the 
equation coefficients and the low r2 values both suggest 
again that there is no relationship between shield pressure 
and loading rate during any portion of the cycle up to 
120 min. 

The secant loading rates for the 5-min periods were 
then averaged to obtain the mean loading rate for each 
5-min interval for all cycles from the weeks of January 21 
and February 25. These average loading rates are plotted 
on figure 16, along with error bars representing -t 1 stand- 
ard deviation of the averages. Despite the large change in 
the average setting pressures between those 2 weeks (ap- 
proximately 4,070 kPa), the curves are quite similar beyond 
the first 10 min. The shape of the curves suggests that the 
average shield loading response matches the immediate 
roof and main roof model described in the "Theory" sec- 
tion of this report. The loading rates at the beginning of 
a cycle are assumed to be due to immediate roof loading 
effects, which are highly variable and change from cycle to 
cycle and from shield to shield. The loading rates during 
the latter portions of the cycle are assumed to be caused 
by activity of the main roof, which is more consistent at 
this site (ligure 2). The span of main roof that affects the 
shields should also be larger, leading to more consistent 
changes in loading pattcrns, 

Based upon the immediate and main roof model, an 
equation was chosen to fit the data of figure 16 using an 
exponential term to fit the early time (immediate roof) 
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portion of the cycle and a linear equation to fit the later 
time (main roof) portion of the cycle. The fitted equations 
were of the form: 

where I$, = leg loading rate, kPa/min, 

a, b, c, d = constants of fitted equation, 

e = base e constant, e = 2.718281, 

and t = time, min. 

The r2 values for the equations were 0.95'7 (January 21), 
and 0,990 (February 25). Beyond the first 30 min, the ex- 
ponential term contributes less than 10 pct of the total 
value, which matches the assumption of the immediate and 
main roof theory, that the immediate roof should come to 
equilibrim. The equations of figure 16 were fitted to 
averaged data over the range of 0 to 120 min of a shield 
cycle. If the equadons are used beyond a t h e  of 120 min 
they give obGously exroneous results. The January 21 
equation begins to give negative loading rates at t h e s  
greater than 128 min, and the Febratary 25 equation begins 
giving negative rates at times greater than 209 min. Ob- 
servation of weekend shield cycles shows that leg loading 
can continue after mining stops for at least several days, so 
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the model is obviously not accurate for long shield cycles. 
The predictive value of these relationships for a single 
cycle may be appropriately judged by the error bars for 
each averaged loading rate point on figure 16, although 
they appear to correlate well with average behavior. The 
curves may accurately represent the mean loading rate 
curve, but individual shield cycles typically show much 
greater variability. 

The equations based upon the immediate and main roof 
model give a good fit to the average shield loading rates 
for large numbers of cycles. The loading rates for individ- 
ual cycles are unpredictable, indicating that the equations 
do not take into account all of the factors controlling 
shield loading. The roof lithology, possible changes in 

rock mechanical properties, and joints or fractures are all 
candidates for explaining the changes in loading rates. 
However, the geologic data available do not allow testing 
any of these factors except lithology. The changes in load- 
ing rate were found to take glace too frequently to be ex- 
plained by the relatively gradual changes in lithology ob- 
served, Loading rates changed drastically several times a 
day and could vary drastically from cycle to cycle, over 
distances on the order of 10 m. In contrast, the lithology 
changed significantly only on the order of 100 m. Data 
were not available to test the other possibilities, rock me- 
chanical properties and the presence of joints and/or other 
discontinuities in the rock. 



CONCLUSION 

Five weeks of shield leg pressure data from the A-2 
panel of the Meigs No. 31 Mine were analyzed to deter- 
mine the effect of setting pressure on shield loadig rates. 
The data were collected over an 11-week period represent- 
ing 400 m of face advance. None of the data analyzed 
indicated a correlation between setting pressure and load- 
ing rate. This was true when individual shield legs were 
examined alone and when setting pressures and loading 
rates were averaged for a number of shields to take into 
account possible nonparticipating shields. 

Shield loading rates were found to be time dependent, 
with high initial loading rates, which declined during each 
shield cycle until the shearer again reached the vicinity of 
the shield. The act of cutting coal near any individual 
shield then led to increased loading rates in that shield, 
generally immediately before it was advanced at the end of 

its cycle. The shield loading rates were modeled by a 
simple equation that assumed that the behavior of the roof 
was determined by immediate roof loadig, which reached 
equilibrium in well under 30 min and which was modeled 
by an exponential term in the equation, and by a constant 
main roof convergence, modeled as a linear term in the 
equation. The equations based upon the immediate and 
main roof model gave a good fit to the average shield 
loading rates for large numbers of cycles. The loading 
rates for individual cycles were unpredictable, indicating 
that factors that were not taken into account are important 
in predicting loading rates. The rapid changes in loading 
rates, which could often take place from one cycle to the 
next, suggest that the unaccounted-for factors include geo- 
logic discontinuities that would be difficult to measure and 
include in any model. 
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APPEPIDiX.4OEFFfCIENITS OF SET PRESSURE VERSUS LOADING 
RATE REGRESSIONS FOR 5-min SECANT LOABihlG RATES 

Dates l ime interval,' Intercept, Slope, Correlation coefffcient 
min kPa kPa/min squared (rZ) 

1/21 to 1/25 . . . . 0- 5 2,559.19472 -0.524960 0.145404 
5- 10 -367.01 293 0,158186 0.1 12928 

10- 15 -1 90.2355 1 0.084516 0.101791 
15- 20 -58.40035 0.039540 0,051758 
20- 25 63.W72 0.007972 0.003589 
25- 30 -26.41617 0.025657 0.061868 
30- 35 171.72703 -0.019895 0.02451 7 
35- 40 28.40399 0.006261 0.- 
40- 45 139.21572 -0.009151 0.001761 
45- 50 60.82340 0,001191 0.000147 
50- 55 351.59979 -0.050339 0.045125 
55- 60 226.45917 -0.029965 0.025744 
60- 65 447.67931 -0.0581 63 0.044290 
65- 70 199.47253 -0.026288 O.Of 8462 
70- 75 30.82765 -0.003456 0 . a 8 7  
75- 80 68,51856 -0.005895 0.001289 
80- 85 106.11671 -0.015997 0.006776 
85- 90 106.61773 -0.020716 0.010872 
90- 95 222.49634 -0.031013 0.023126 
95-1 00 166.42698 -0.028458 0,019868 

100-105 167, -0.021984 0.0142.18 
105-1 10 151. -0.022740 0.020716 
110-115 128.58388 -0.018560 0.000882 
lf5-120 387.6381 7 -0.059784 0.080587 

2/26 to 3/01 . , . . 0- 5 1,702.33750 -0,215068 0.029991 
5- 10 77.40779 0,087881 O.BBOG41 

10- 15 31.20857 0 . m Q  0 . W 7 8  
15- 20 89.86404 0.01 2826 0.008057 
20- 25 1 12.84558 -0,002712 0.000450 
25- 30 139.94420 -0,010562 0.005650 
30- 35 106.66609 -0.- 0.008499 
35- 40 127.35793 -0.01 1545 0.0061370 
40- 45 133.48563 -0.0131 12 0.01 2423 
#- 50 96.34682 -0.006647 0,003073 
56. 55 173.63031 -0.019825 0.027329 
55- 60 210.74962 -0.025205 0.020991 
60- 65 233.821 74 -0.021377 0.0 
65- 70 335.54449 -0.043917 0.0 
70- 75 306.71 136 -0.041 1% 0.032620 
75- 80 238.43799 -0.032090 0.034626 
80- 85 78.41298 -0.004625 0.034626 
W5-90 78.76632 0.OQOoOl 0.004676 
90- 95 209.76460 -0,026826 1.599-10 
95-1 00 199.64129 -0.027245 0,0221 12 

100-1 05 126.09473 -0.1 59099 0.020120 
105-110 46,82580 -0.00S781 0.008783 
110.115 226.59092 -0.0341 45 0.073691 
1 15-120 65.98222 -0.001963 0.000268 

'Pertion of cycles for which secant loading rates were computed, 

MBTE.-JI\II mmputations were performed on data from shields 94 to 10Q, the tailgate side recorder. 
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